Supplementary Figure 1
Supplementary Figure 1 : RPE1, C2C12 and NIH-3T3 cells all organize in nematic phases at sufficiently high density (A-C). LIC sequence of snapshots of the directed motion of +1/2 defects characteristic of nematic phases (D, E). The defects migrate toward the 'tail' of their comet-like structure.
Supplementary Figure 2
Supplementary Figure 2 : When plated in adhesive stripes, the order in RPE1 monolayers is first set at the boundaries and then propagates toward the center of the stripe as time goes on and density increases. For the stripes of width smaller than typically 1000 µm, a perfect order is eventually obtained. Figure A shows the evolution of vy with time at a given, randomly chosen, point at the edge of the stripe. Figure B depicts the fluctuations of vy at a given time (t=20h) vs distance along the y direction, for cells at the boundary. Red lines are the mean values after averaging these particular sets of data in time (A) or in space (B). The pink areas figure the standard deviations. In the absence of friction, the theoretical profile is expected to be linear (A) (the width L is normalized by the critical width Lc). In presence of friction, the profiles are distorted and there is no shear in the middle of the stripe (B). This behavior is observed experimentally (C). 
Supplementary Figure 3

Supplementary video
Supplementary Video: RPE1 cells in a confining adhesive stripe reach a steady-state characterized by a tilt angle of the cell bodies relatively to the stripe direction and by a shear flow at the proximity of the edge. The width of the stripe is 1000 µm and corresponds to the width of the image. 
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SUPPLEMENTAL MATERIAL:
In the present section we review the spontaneous-flow transition initially predicted in Ref. [1] for actomyosin systems. We assume that the cell monolayer behaves as a nematic active liquid [2, 3] . 3T3, C2C12 or RPE1 cells behave as bipolar self-propelled particles in single cell experiments, unlike other cell types such as MDCK cells which instead have a persistent front-rear polarity. The cell orientation is described by a unit director field with components p x = cos θ and p y = sin θ, θ being the angle between the short axis of the monolayer and the main axis of the cell body. As for equilibrium systems, we write an effective free energy of the director field in two dimensions:
It drives the system towards the minimum, which is compatible with the boundary conditions [4] . The splay K 1 and bend K 3 Frank constants are positive and we use the simplifying one-constant approximation K 1 = K 3 = K. The orientational field h α = −δF/δp α is written in terms of its parallel (h ) and perpendicular (h ⊥ ) components with respect to the director field p. Note that h acts as a Lagrange multiplier to ensure the constraint p 2 = 1.
The collective motion of the cells within the monolayer is described by a velocity field v. Because of the energy consumption at the scale of the cell in the form of nutrients, the tissue can be considered as an active material. We consider here the tissue as an active incompressible viscoelastic gel with a viscous behavior in the long time limit. The linearized constitutive equations compatible with the symmetries of an active nematic fluid read,
where u αβ = (∂ α v β + ∂ β v α )/2 is the shear rate and ω αβ = (∂ α v β − ∂ β v α )/2 the vorticity tensor. P is a Lagrange multiplier enforcing 2d incompressibility, ∂ β v β = 0. The shear η and rotational γ viscosities are dissipative coefficients associated to the mechanical properties of the cells and the interactions with their neighbours. The flow alignment parameter ν controls the coupling between mechanical stresses and cellular orientation. Its sign is not restricted by theory [4] . In liquid crystals, ν depends, for example, on the shape of the particles and their degree of nematic order. The reactive coefficient ζ has no equivalent in passive systems; it controls the active part of the stress. A negative value ζ < 0 corresponds to contractile active stresses as observed in acto-myosin networks [5] , whereas a positive value ζ > 0 corresponds to extensile active stresses characteristic of some bacterial suspensions [6] . ∆µ measures the energy consumed by the cell per nutrient molecule. We consider a 2-dimensional tissue confined in a stripe with a length much larger than its width L ( Fig. (1) ). Thus we assume that the physical fields are constant along the long axis of the monolayer (y-direction). The conservation of mass then entails v x = 0, if there are no sources or sinks of matter in the tissue. Under these conditions, the force balance equation along the y-direction reduces to ∂ x σ yx = 0, which means that the stress component σ yx vanishes because it vanishes at both lateral edges of the monolayer. Altogether Eqs. (2-3) reduce to
This is a simple set of linear equations for the variables ∂ x v y , h and h ⊥ , which can be recast into a single nonlinear differential equation for the angle θ
The field h ⊥ is obtained from the nematic free energy (1), h ⊥ = K∂ 2 x θ. The boundary condition on Eq. (7) reads
Eq. (8) sets the cell orientation at the interfaces (x = ±L/2) by a balance between an anchoring elastic-like restoring torque with a spring constant W s that hinders deviations from the planar configuration and the nematic torque resulting from spatial distortions of the cell orientation. These boundary conditions allow for an interfacial tilt intermediate between the planar and homeotropic configurations. Note that in the limit W s → ∞ we recover the case studied in Ref. [1] . At steady state Eq. (7) has three constant solutions: θ = π/2 and θ = 0 for which no motion occurs and θ = θ 0 satisfying the condition ν cos (2θ 0 ) − 1 = 0 with finite shear flow. Only θ = π/2 is compatible with the boundary conditions (8) . A linear stability analysis of the ordered state θ = π/2 with respect to a small perturbation (∼ δθ(x, t)) can be performed. The perturbation is decomposed in Fourier modes ( θ − π/2 = δθ = ∞ n=0 δθ n e ωt cos (q n x)) with wavenumbers restricted by Eq. (8) and growth rate ω. The growth rate depends on the wave vector as
The first term in Eq. (9) damps perturbations around the ordered state, whereas the second term controls the stability of small-wavenumber perturbations. Near threshold (ω ∼ 0), there exists a finite critical wavenumber q c that satisfies
as long as ζ(ν + 1) < 0. This implies that the system departs from the non flowing state at a critical size. This hydrodynamic transition is very similar to the Fréedericksz transition of nematic liquid crystals, except that no external field is required and flow emerges spontaneously as a result of the activity of the cells. Although +1/2 defects move toward their tails as expected for a contractile system ( Fig. (SM1) ), the flow direction relative to the cells' orientation is characteristic of an extensile system (ζ > 0) and, therefore, ν + 1 < 0. To the best of our knowledge, the only measurement of the flow alignment parameter for biological systems has been obtained in the wing of Drosophila melanogaster [8] : it is bounded between −10 < ν < −1. Thus our tissue monolayer has a continuous transition toward a flowing state above a critical size L ∼ L c at constant activity. We note that in the vicinity of the instability threshold, splay deformations are dominant over bend deformations, and thus the one-constant approximation becomes exact, with K replaced by K 1 in Eq. (10).
In general there is a nonlinear relationship between the system's width L and the wavenumbers q compatible with the boundary conditions. We can distinguish two limiting cases depending on the strength of the anchoring of the cell orientation at the edges: the case Kq c W s , has been analysed in Ref. [1] ; the linear dynamics of the system are dominated by the perturbations with wavenumber q c L c = π and the critical size is
In the other limit, Kq c W s the critical wavenumber is q c = (2W s /KL c ) 1/2 , leading to a critical size
In both cases, if L < L c the ordered state θ = π/2 is stable. In contrast if L > L c , the mechanical instability sets in, inducing a shear-like collective motion of cells across the tissue layer that reorients them with a finite tilt with respect to the long axis. The transition is continuous, and close to the transition (L ∼ L c ), the physical observables can be expressed as scaling laws of the distance to the instability threshold. The tilt θ − π/2 or the shear rate ∂ x v y at the centre
Near the instability threshold, the dynamics are governed by the slowest mode, corresponding to fluctuations associated with wavenumber q c [9] . In other words the fast degrees of freedom, which are the perturbations with wavenumber q > q c , relax rapidly to steady state. At the onset of the spontaneous-flow transition, the steady state profiles of the angle and the velocity read:
where is for the amplitude of the deviations of the cell orientation with respect to the long y-axis. This coefficient is a complex function of the mechanical parameters describing the active nematic tissue. As an example and for completeness, we report the expression of in the two previous limiting cases,
In the following sections we address extensions of this physical model in order to develop a more accurate description of the behaviour of our nematic cellular monolayers. In the subsection 1.1 we introduce friction forces with the substrate, in subsection 1.2 we introduce the effects of transversal convergent flows and in subsection 1.3 we discuss the effects of cell chirality.
1.1-Viscous-drag on the substrate
In the present subsection we highlight the main effects of substrate friction forces on the spontaneous-flow transition of active nematic fluids [1] . Friction forces arise from the cell-substrate adhesion: cells transmit forces to the substrate through integrin-dependent complexes. We consider that the cell velocity v is slow enough that during the binding state of the transmembrane proteins, their elongation is much smaller than their molecular size. Then, over time scales longer than the molecular binding time, the coarse-grained dissipative interaction with the substrate can be described as an external effective drag force per unit area (∼ ξv), with a friction coefficient per unit area ξ.
In the theoretical framework of Section 1, the friction force must be added to the force balance in the y direction, which becomes
We have also added in this force balance local active traction forces induced by the splay and bend deformations with coefficients ζ 1 and ζ 2 respectively. Near the transition, the effects of these forces can be absorbed in a redefinition of the coefficient of the anisotropic active stress ζ → ζ + ζ 1 (splay deformations being dominant). Note that close to threshold the sign of the active stress can be altered by the redefinition. By contrast, far from threshold, these forces lead to non-trivial dynamics [10] .
The equations equivalent to Eqs. (4) (5) (6) in the presence of friction read
where we have replaced the shear rate terms ∂ x v y by ∂ 2 x σ yx /ξ using the new force balance equation. Eqs. (18) (19) (20) can be recast into a set of nonlinear differential equations for the angle θ and the stress component σ yx , with stress-free and Eq. (8) boundary conditions at the two lateral interfaces.
Dissipation occurs both form the viscous stresses and the friction forces on the substrate. A characteristic length scale emerges from the comparison between the two dissipative processes. By combining Eqs. (18) (19) , we define the screening length λ 2 = (η + γ(ν sin(2θ)/2) 2 )/ξ as the scale where viscous and friction forces are comparable at a constant tilt angle θ. At length scales smaller than λ, viscous stresses dominate the dissipation while at length scales larger than λ friction dominates the dissipation. The screening length estimated from the experimental velocity profile v y (x) (see Fig. (SM6) ) suggests that λ ∼ 40 µm [7] , which is of the same order as the critical width L c . This suggests that viscous-like friction forces are important to interpret the dynamics of the cell monolayer.
As in the friction-free situation, the system undergoes a transition to a spontaneous flowing state above a critical size L c . The precise threshold of the instability can be derived from the dynamics of small amplitude random perturbations of the physical fields δθ = θ − π/2 and δσ yx = σ yx , which as above can be decomposed in Fourier modes with wavevector selected by Eq. (8): δθ = δθ n e ωt cos (q n x). Thus solving Eqs. (18) (19) (20) linearized over δθ, δσ yx 1, gives the growth rate ω of the perturbations with wavenumber q
The first term damps perturbations around the ordered state. If ζ(ν + 1) < 0, the second term destabilises smallwavevector perturbations. Thus near the instability threshold, at the critical wavenumber
the growth rate almost vanishes. The wavevector q c depends on the size of the system L. Friction forces can suppress the spontaneous-flow transition above a critical friction coefficient, which for strong anchoring reads ξ c = −γζ∆µ(ν + 1)/2K. As shown in Fig. (SM9) , there are two asymptotic dynamical regimes for an infinitely extended monolayer depending on the strength of the friction forces: for ξ < ξ c , the steady state displays a finite tilt along the cross-section promoting a long-range shear flow, whereas for ξ > ξ c , cells align uniformly according to the planar orientation at the boundaries. Our experimental observations suggest that both RPE1 and C2C12 cell monolayers belong to the first regime, whereas 3T3 belongs to the second regime as no net collective motion occurs for any width.
1.2-Transverse convergent flows
In this section, we focus on the convergent flow along the x direction. The origin of this flow can be attributed to cellular extrusion or cell death, both leading to similar mechanical effects in our coarse-grained description. Experiments show that ∂ x v x is uniform except at a boundary layer near the edges, which implies that cells extrude at a uniform rate k. Mass balance is then written as ∂ x v x = −k and it imposes an inward flow field v x = −kx, which is compatible with experiments. Near the edges the flow profile corresponds to a significant amount of cell division, which ensures the existence of a steady state. Cell division at the edges compensate cell extrusion in the bulk.
Under these conditions, the local force balance along the x-direction provides the pressure field ensuring mass conservation. The force balance along the y-direction ∂ x σ yx = 0 leads to σ yx = 0 as both lateral edges are free interfaces. Thus, Eqs. (4-6) extended to the case where there is a transverse velocity field and read
These set of linear equations for the variables ∂ x v y , h and h ⊥ can be recast into a single nonlinear equation governing the dynamics of the angular field θ
The cell flux toward the central region of the monolayer modifies the dynamics of the angle θ. In the absence of active stresses (ζ = 0), the convergent flow produces a local viscous torque on the cells promoting either planar or homeotropic alignments, depending on the coupling between mechanical stress and cell orientation. Specifically, if ν > 1 (ν < −1), the flows arising from cell extrusion promote a uniform ordered state around θ = 0 (θ = π/2) far from the boundaries. Nevertheless in the experimental conditions we cannot disregard the different mechanical contributions on the collective behaviour of cells. Friction forces affect differently convergent and shear flows. On the one hand, the convergent flow monitors local mass balance and depends on the details of cellular extrusion mechanisms. On the other hand, the shear flow monitors local force balance and requires distortions of the nematic field. As a result shear flows are screened over distances larger than the screening length λ. In contrast, the convergent flows are not screened by friction forces, and they are expected to be dominant for system sizes larger than λ. Indeed, at the transition (L ∼ L c , λ) we measure a shear flow of the order of ∂ x v y ∼ 10 −2 hr −1 , larger than the convergent flow given by ∂ x v x ∼ 2 * 10 −3 hr −1 . Thus at steady state the cells tend to align along shear flow for L ∼ L c . Nevertheless, sufficiently far from the transition L c , λ < L friction forces hinder the emergence of shear flow in the bulk. In this case, the shear flow is weaker than the convergent flow and thus in the absence of chirality the angle at the center should approach π/2 for ν < −1 at large widths L, Fig. (2) . In our experiments, this increase of the angle at large widths is, however, not observed ( Fig. (2B-C) ).
1.3-Chiral nematic active gels
In this section, we discuss the main features resulting from cell chirality on the behaviour of the cell layer close to the spontaneous-flow transition. At the single cell level, chirality has been observed in several systems [11] [12] [13] . One example is neutrophil-like HL60 cells that tend to migrate along the nucleus-centrosome axis with a slight bias sideways [14] . Most recently, it has been reported that the actin cytoskeleton can spontaneously self-organise into a large-scale chiral configuration through physical mechanisms controlled by the acto-myosin system, [15] [16] [17] . At the multicellular level, several experimental observations suggest the emergence of a global net handedness, [18] [19] [20] [21] . In particular mammalian cells can break their left-right symmetry by positioning conveniently their centrosome, Golgi 7 apparatus and nucleus within the cell body [18] . This left-right asymmetry can be developed over the tissue scale leading to collective chiral arrangements of cells that can be accompanied by chiral collective flows [20] . In order to describe these features we propose to treat the system as flat monolayers of active chiral particles. A full derivation of the constitutive equations of these materials is beyond the scope of our analysis, and for further information we suggest the reader Refs. [22, 23] . From now on, we assume that the constitutive equations of these material takes the simple form
There are two new terms allowed by the chiral symmetry. The corresponding transport coefficients have been labelled by the subindex P C, ij is the Levi-Civita tensor in 2 dimensions and xy = +1. Notice that the monolayer is treated as a flat surface, so that we can omit curvature-dependent terms. The reactive coefficient ζ P C introduces a chiral coupling between the difference of chemical potential ∆µ and mechanical stresses. Analogously to the nematic active stresses ζ, the sign is determined by the microscopic details of the cellular machinery giving rise to these chiral stresses. The reactive coefficient λ P C couples cellular activity to cellular orientation dynamics. This term is equivalent to a uniform torque applied on the cells and normal to the surface plane. Qualitatively both chiral coefficients break explicitly the left-right symmetry on the system, thereby modifying its dynamical behaviour close the spontaneous-flow transition. We assume here the absence of convergent flow (i.e. v x = 0). Thus the pressure fields acts as a Lagrange multiplier to ensure an homogeneous distribution of cells. The system is in contact with two free interfaces at x = ±L/2, thus the non-diagonal component of the stress tensor σ yx = 0 throughout the monolayer as the force balance along the y-direction establishes that ∂ x σ yx = 0. Consequently, the constitutive laws of the material (27) (28) can be further simplified
Notice that the previous set of equations is a linear system for the variables ∂ x v y , h and h ⊥ , and thus they can be recast into a single nonlinear differential equation for the angle θ
that generalizes Eq. (7) for chiral cells. As clarified below, our cellular monolayers operate in a weakly chiral regime (i.e. λ P C , ζ P C ζ ). In this case, Eq. (32) has three uniform solutions at steady state, one of which corresponds to the perturbed ordered state θ = π/2 − 2λ P C η/ζ(ν + 1) + ζ P C /ζ + O(2), which is not compatible with the boundary conditions (8), unlike the planar ordered state θ = π/2. Thus, below the instability threshold, cellular chirality can give rise to finite gradients of cell orientation near the boundaries that in turn trigger collective cellular flows. The typical scale of these flows is proportional to the chiral phenomenological coefficients λ P C and ζ P C . However, practically below the instability threshold (L < L c ), the cell types investigated perform a stochastic motion without any net collective displacement Fig. (3) in the main text. Thus it suggests that our cells are only weakly chiral (λ P C , ζ P C ζ). Despite the small value of the chiral transport coefficients, they modify qualitatively the structure of the spontaneous-flow bifurcation Fig. (4) and Fig. (SM4) . Only cellular chirality breaks explicitly the left-right symmetry, thus biasing the dynamics of cellular orientation toward one of the two symmetric tilts with respect to the planar configuration. In the context of the Fréedericksz transition in liquid crystals, these chiral contributions are equivalent to an external field on cell orientation. In other words, above the spontaneous-flow transition (L > L c ), a system initially in the ordered state θ = π/2 approaches one of the two flowing states in a deterministic manner. In conclusion, the handedness of the steady state configuration is dictated by single cell chirality.
2.-ESTIMATION OF THE PARAMETERS:
In this section, we detail the arguments to estimate material parameters of the cell system by analysing the experimental data with the framework of our model. Through Fig. (1-F) in the main text, the ratio between the two parameters W s and K that control the anchoring of the cells at the boundaries can be estimated. On the one side, the tilt of the cell orientation at the edge is θ ∼ 80 • . On the other side, the slope of the tilt beside the edge is approximately ∂ x θ ∼ (5 • )/(200µm). Thus Eq. (8) suggests that the ratio is of the order of K/W s ∼ 400 µm. Consequently, our cell systems are in the free-anchoring regime (i.e. K/W s > L c ) given the measured critical length L c ∼ 50 µm.
Near criticality L ∼ L c , the tilt of cells θ − π/2 obeys Eq. (13) and thus inserting this solution into Eq. (8) leads to
Using the values of the anchoring parameters, we find q c L c ∼ 0.5 by solving Eq. (33) and for the reported value of the critical length L c ∼ 50 µm.
Fitting the experimental curves near the onset of the instability from Fig. (4-B) with the theoretical predictions given by Eqs. (13) (14) , allows to estimate the physical parameter |K/γ(ν + 1)| ∼ 3000 µm 2 /hr with units of a diffusion coefficient. A simple estimate is obtained by evaluating the ratio between Eqs. (13) (14) for the experimental values at a width of L = 150 µm in Fig. (4-B) . This coefficient sets the scale of the speed of the collective flow per unit of angular tilt of the cell body at the critical wavenumber q c .
Remarkably the convergent flow discussed in Section (1.2) defines a new length scale in the system ∼ |K/γνk|, where k is the amplitude of the gradients of the convergent flow. This length scale emerges through the balance of elastic distortions of the director field with the reorientation of the cells due to the convergent flow in Eq. (26) . With the previous estimates and considering |ν + 1| ∼ |ν|, we obtain |K/γν| ∼ 3000 µm 2 /hr. Given that k ∼ 2 * 10 −3 hr −1 (Fig. (2-F) ), we estimate the order of magnitude of this length to be around ∼ 10 3 µm.
A typical order of magnitude of the contractile stresses for a 2d acto-myosin system is of the order of |ζ∆µ| ∼ 5 · 10 3 Pa·µm [24] , for a thickness about the cell size (i.e. h ∼ 5 µm). This value is comparable to the typical traction stress of adhesive cells [25] . Assuming similar values for our cellular systems, we estimate the 2d effective viscosity η 2d = η + γ(ν + 1) 2 /4 ∼ 10 4 Pa·hr·µm through Eq. (10). This value is larger than the shear viscosity of suspended monolayers ∼ 10 2 Pa·hr [26] but comparable to the one of spreading epithelial monolayers ∼ 10 3 − 10 4 Pa·hr [27] , after rescaling them by the corresponding thicknesses.
From the screening length λ ∼ 40 µm (Fig. (SM6) ), we can estimate the friction coefficient in the system as ξ = (η + γ(ν sin(2θ)/2) 2 )/λ 2 ∼ η 2d /λ 2 ∼ 6 Pa·hr/µm considering |ν + 1| ∼ |ν|. According to Eq. (22) , the friction coefficient should be smaller for the instability to occur. This estimate is compatible with other measurements of this coefficient for other biological system, as for instance the friction coefficient of an actin gel-bead interface is ∼ 10 Pa·hr/µm [28] and for the MDCK cell-substrate interface ∼ 1 Pa·hr/µm [29] .
Combining these estimates, we obtain an upper bound of the effective 2d Frank constant K < 3 * 10 7 Pa·µm 3 using the fact that |γ(ν + 1)| < η 2d when the shear viscosity η and the rotational viscosity γ are comparable, as is usually assumed. To the best of our knowledge, this value has not yet been measured in biological systems. The estimate based on indirect observations from Ref. [30] yields a 2d Frank constant of ∼ 10 4 Pa·µm 3 for epithelial monolayers. The difference in the orders of magnitudes between both can stem from their approximation that the rotational viscosity is dominated by the sliding with the substrate, omitting other dissipative processes associated to cell reorientations. It is worth noting that the Frank constant K can be replaced by the splay modulus K 1 as splay deformations of the director field dominate over bending deformations near criticality.
Last, we estimate an upper bound for both chiral coefficients λ P C and ζ P C . As we derive in Section (1.3), the steady state angle of the cells reads θ ≈ π/2 − 2λ P C η/ζ(ν + 1) + ζ P C /ζ below the threshold of the instability. Thus the deviation with respect to π/2 needs to be smaller than the experimental precision, namely one degree. Consequently, the chiral coefficient obeys the relationship |2λ P C η/(ν + 1) − ζ P C | < 100 Pa·µm. 
